Abstract Voluntary physical activity may be related to personality traits. Here, we investigated these relations in two mouse lines selectively bred for high voluntary wheelrunning behavior and in one non-selected control line. Selection lines were more explorative and ''information gathering'' in the open-field test, either with increased upright positions or horizontal locomotion toward the middle ring. Furthermore, one of the selection lines had an increased risk-taking behavior relative to the control line in approaching a novel object placed in the center of the open field. However, anxiety behavior was increased in selection lines during the plus-maze test. Maze learning was not statistically different among lines, but routine behavior was increased in both selection lines when the maze exit after 2 days of testing was displaced. Specifically, in the displaced maze, selected mice traveled more frequently to the old, habituated exit, bypassing the new exit attached to their home cage. Although the generality of the results would need to be confirmed in future studies including all eight lines in the selection experiment, the increased routine and exploratory behavior (at least in the lines used in the present study) may be adaptive to sustain high activity levels.
Introduction
Much attention has been paid to the mechanisms by which physical activity helps to avoid or ameliorate obesity and associated metabolic derangements (Levin and DunnMeynell 2004; Brock et al. 2005; Patterson and Levin 2008; Hayes and Kriska 2008) . In addition, evidence is increasing that physical activity improves mental health (Dey 1994; Dietrich and McDaniel 2004; Hillman et al. 2008) . For example, frequent daily performance of exercise, such as endurance running, is able to reduce levels of anxiety and depression (Kligman and Pepin 1992; Antunes et al. 2005) , and to augment learning capability in human beings (Hillman et al. 2008) . Homologous beneficial effects of physical activity have been demonstrated in rodents on energy balance regulation (Bell et al. 1995; Bi et al. 2005) , but also on emotionality, stress coping, and learning (van Praag et al. 1999; Rhodes et al. 2003; Greenwood et al. 2007; Pietropaolo et al. 2008) .
In a meta-analysis of Rhodes and Smith, it was found that the amount of voluntary or spontaneous physical activity in humans was positively related to such major personality traits as increased extraversion and conscientiousness, and negatively to neuroticism (Rhodes and Smith 2006) . A venue not thoroughly explored is the possibility that the display of voluntary physical activity and certain personality traits have common neurobiological or endocrine mechanisms. One approach to investigate whether and how personality traits are associated with the level of spontaneous physical activity is to study homologous behavioral traits in mice from lines that have been selectively bred for high voluntary wheelrunning behavior (Swallow et al. 1998; Garland Jr 2001) and compare these to non-selected control mice. If certain personality traits are related to voluntary physical activity, then one might hypothesize that the expression of homologous behavioral traits is amplified or diminished in mouse lines selected for high voluntary physical activity.
After selective breeding for 16 generations, the four replicate activity-selected lines of mice ran approximately 2.7 times more revolutions in their running wheels per day compared to four non-selected control lines (Swallow et al. 1998) , mainly by running at higher speeds rather than more time per day. They also ran more intermittently, with shorter and more-frequent bouts (Koteja et al. 1999; Girard et al. 2001) . After locking the wheels, the high-runners spent more time climbing the locked wheels, apparently trying to run (Koteja et al. 1999) . When housed in cages without wheels, high-runner mice exhibited elevated homecage activity Malisch et al. 2008) .
Despite a large difference in the level of chronic wheel running behavior between selected and control mice, Rhodes et al. did not observe increased learning in activityselected mice compared to control mice despite increased hippocampal neurogenesis . However, running wheel behavior, learning capability, as well hippocampal neurogenesis were strongly correlated in control runners . Furthermore, Bronikowski et al. did not observe differences in exploratory behavior between selected and control lines in a standard open-field test (Bronikowski et al. 2001) . Although these data could be interpreted as evidence against a ''behavioral traits hypothesis of voluntary activity'', they did, however, find that selected mice displayed fewer turns in their travel paths, which could be indicative of increased motivated behavior in these animals. Finally, selected and control mice differ with respect to stress coping behavior, with the latter showing less behavioral despair during forced swimming (Malisch et al. 2009 ), and less predatory aggression towards crickets (Gammie et al. 2003) .
In the present study, we re-evaluated the hypothesis that mice selectively bred for high voluntary wheel running activity have certain behavioral traits that differ from controls. We tested this hypothesis by analysing a broad spectrum of behaviors, including those that reflect anxiety, exploration, learning, and routine behavior in two activityselected lines and one control line with none of the mice subjected to wheels.
Materials and methods

Animals
In July-August 2006, mice from generation 45 of the selection experiment for high voluntary wheel running (Swallow et al. 1998) were shipped from The University of California (Riverside, CA) to the University of Groningen (Haren, the Netherlands). Mice used in the present study were offspring of these individuals. For a detailed description of the selection experiment, see (Swallow et al. 1998) . In brief, the base population was Hsd:ICR mice, an outbred stock with relatively high levels of genetic variation. In the original selection protocol, eight lines of mice were created (4 selected and 4 controls). From this we used male and female mice from two selection lines (lab designations line 7 and line 8) and one control line (line 2). Thus, for simplicity, we did not study selection lines 3 and 6, both of which exhibit the ''mini-muscle'' phenotype, caused by a Mendelian recessive allele with many pleiotropic effects (Garland Jr et al. 2002; Hartmann et al. 2008 ). Because we studied only two selection lines and one control line, the generality of our results would need to be confirmed in future studies of all eight lines in the selection experiment.
For the present study, mice were housed in same-sex groups of two or three per cage, with ad libitum food (Standard lab chow RMH-B 2181, HopeFarms BV, Woerden, NL) and water, at an ambient temperature of 22 ± 1°C, and maintained on a 12:12 light-dark cycle with lights on (100 Lux) at 8 am. Wood shavings and EnviroDryÒ were used as bedding material. Weaning occurred at 21 days of age. All methods were approved by, and are in agreement with the regulations of the Institutional Animal Use and Care Committee of the University of Groningen. These regulations are consistent with the guidelines for the care and use of laboratory animals as described by the U.S. National Institutes of Health.
Experimental design
After a habituation phase, 2-month-old male (6-8 per line) and female mice (6-8 per line) were subjected to an openBehav Genet (2010) 
Open-field behavior
Explorative and spontaneous locomotor activity were observed in a circular horizontal arena. In this arena (ø 1.0 m, height of vertical surrounding wall: 0.4 m), concentric circles were depicted at one-third and at twothird of the arena's diameter, dividing the surface into a center, a middle ring and an outer ring (adapted from Walsh and Cummins 1976) . At the beginning of each trial, the mouse was placed in the center of the arena. Mice were tested for 5 min, including 1 min at the end when a 1-kg brass weight was introduced into the center of the open field to test the animals' exploratory behavior for a novel object. Behavior was recorded and the following traits were determined: percentage of time spent in outer ring, middle ring and center, number of visits into each ring (visit frequency), total number crossings from one ring to the next (crossing frequency), and number of rearings.
Elevated plus-maze
Anxiety was evaluated using the elevated plus-maze test, which is based on the aversion for open, well-illuminated spaces (Treit et al. 1993 ). The elevated plus-maze consisted of two open arms and two closed arms facing each other, 40 cm above the floor. Each arm was 29 cm long and 5 cm wide. The closed arms had 15 cm high walls with a closed top. At the beginning of each trial, the mouse was placed on the central area (5 9 5 cm) facing an open arm and allowed to explore the maze for 5 min. The following traits were determined: time spent in open arms and closed arms, time spent in central area, number of visits to open arms and closed arms, and number of total arm entries. An arm entry was counted when the front paws were placed on the arm.
Complex maze
Spatial learning performance was assessed with a complex maze that was based on the configuration originally developed by Rabinovitch and Rosvold (1951) , and adapted for mice. The maze was constructed of a horizontal surface (25 9 19 cm), with vertical barriers (7 cm high) arranged to form a maze (see Fig. 1 ). To prevent the mouse from jumping out, the maze was enclosed in a transparent Plexiglas box (which allowed observation of the mouse's behavior).
The day before starting test sessions, mice were once allowed to explore the maze to avoid stress of novelty during maze performance on day 1. The following procedure was executed. Thirty minutes before the complex maze performance test, one of the animals from a home cage and part of the shavings were transferred to an experimental cage located in a habituation room adjacent to the experimental room. From the habituation room, the mouse inside this experimental cage was brought into the experimental room, where this cage was connected via a Plexiglas tube (ø 5 cm, length 17 cm) to the maze entry (left hand side in Fig. 1 ). After the mouse entered the tube towards the maze, a sliding door inside the tube was closed, and the experimental cage was disconnected and reattached to the exit tube on the opposite corner at the right hand side of the maze (see Fig. 1 ). Then the investigator left the room, and followed the mouse's behavior via a monitor outside the experimental room. Once the mouse found its experimental cage again behind the exit tube, the investigator entered the room and returned the mouse, inside its cage, to the adjacent room where the animal was returned Fig. 1 The complex maze adapted from Rabinovitch and Rosvold (1951) , with the entry on the left hand side and the exit on the right to its home cage. On two successive experimental days, mice were subjected to the maze four times a day with sessions 30 min apart. In all trials, the latency of reaching the exit and the number of errors were scored. On the third day, mice were once tested in the maze, but with the entrance and exit laterally inverted (Fig. 2b) . It was assessed whether and how long it took for the mice to reach the ''new'' displaced exit, and whether they exited the maze directly through the ''new'' exit, or searched the corner of the old exit first.
Statistical analysis
Data for open-field and elevated plus maze were analysed with GLM models in SPSS (version 12). Line and sex were added as fixed factors. Further individual comparisons were performed using Tukey's post-hoc tests. In the complex maze analysis, the GLM models for repeated measures were applied. When the entrance and exit of the maze were inverted laterally on the third day, data were further analyzed by two-tailed t-tests and Chi-squared test for nominal data. In the latter, we compared the number of mice going directly to the inverted exit and the ones that were still looking at the old position. Results are given as means ± SEM and are considered significantly different when p \ 0.05.
Results
Open field
During the first 4 min, multivariate analysis including all test variables revealed effects of line (F(14,116) = 3.89; p \ 0.001), but not of sex or of the interaction between line and sex. Specifically, the percentage of time spent in different compartments was significantly influenced by line (F(2,53) = 6.20; p = 0.004); post-hoc analysis revealed that line 8 mice spent significantly more time in the middle ring than line 7 (p = 0.004) and line 2 mice (p = 0.05) (Fig. 3, top panel) . Furthermore, a line effect was also found in the number of visits in the outer (F(2,53) = 4.89; p = 0.01) and middle rings (F(2,53) = 5.34; p = 0.008). Line 8 had a higher frequency of middle-ring visits than line 2 (p = 0.01), and line 8 had higher frequency of outer-(p = 0.01) as well and middle-ring (p = 0.04) visits than line 7 (Fig. 3, middle panel) . The number of rearings also revealed an effect of line (F(2;53) = 14.21; p \ 0.001); line 7 had a higher number of rearings than line 2 (p \ 0.001) and line 8 (p \ 0.001) (Fig. 3, lower panel) .
Upon introduction of the novel object in the center of the open field (during the last minute), multivariate analysis did not show any significant effects. However, univariate analysis revealed effects of line on the time spent in the center ring (F(2,53) = 4.87; p = 0.01). Line 8 mice spent more time in the center than line 2 (p \ 0.05) and line 7 mice (p = 0.01). The time spent in the outer ring tended to be influenced by line (F(2,53) = 3.14; p = 0.05); specifically line 8 spent significantly less time in the outer ring than line 7 (p = 0.05).
Plus-maze
Plus-maze behavior of mice from the different breeding lines is shown in Fig. 4 (Fig. 3, bottom  panel) . The total number of arm entries was also influenced by line (F(2,54) = 6.02; p = 0.005); i.e., line 7 had significantly more total arm entries than line 8 (p = 0.004) and line 2 (p = 0.06). Finally, a sex effect, but no 
Complex maze
With GLM repeated-measures analysis, the performance of animals in all groups improved upon training in our complex maze. Repeated task exposure resulted in a decrease of the time spent in the maze to find the exit when observed 4 trials per day for 2 days (F(7,43) = 8.59; p \ 0.001) (see Fig. 5 ). A significant line effect was also found (F(2,49) = 4.15, p = 0.02), but no sex or line * sex interaction was observed. Post-hoc analysis revealed that line 8 mice took significantly more time in the maze, particularly on day 2, to reach the exit than line 2 did (p = 0.02).
When the exit and entrance of the maze were displaced laterally, repeated measures within subject analysis revealed that mice needed significantly more time to find the new and correct exit (F(1,55) = 22.53; p \ 0.001). Furthermore, interaction effects of time * line (F(2,55) = 3.69; p = 0.03) and time * sex (F(1,55) = 6.09; p = 0.02), but no interaction of time * line * sex were revealed, meaning that line 7 needed significantly more time to find the new exit, particularly females. This is consistent with the time spent in the maze in this last trial when the maze was displayed laterally, showing an effect of line (F(2,54) = 4.22; p = 0.02); line 7 spent significantly more time to find the correct displaced exit relative to line 2 (p = 0.02) (Fig. 6, upper panel) . The number of mistakes did not differ between groups (Fig. 6, middle panel) . Furthermore, logistic analysis revealed an effect of line (v 2 (2) = 7.61, p \ 0.05), but no effect of sex or line * sex interaction in the number of animals for which the first attempt led to the correct exit. Specifically, line 2 animals more frequently chose the new inverted exit than line 7 (v 2 (1) = 7.51, p \ 0.01) and line 8 mice (v 2 (1) = 7.51, p \ 0.01) for their first attempt.
Discussion
Long-term selective breeding for high voluntary physical activity in animals may alter behavioral traits from certain behavioral domains that could be adaptive for sustaining a high activity level. In the present study, we investigated potential differences in behavioral traits of two lines of mice selectively bred for high voluntary wheel-running activity and a non-selected control line.
Outcomes of an open-field test (to asses explorative behavior), a plus-maze test (to assess anxiety levels), and a complex maze test (to assess learning and routine behavior) indeed showed profound differences between mice of the high-activity lines and the control line. However, the magnitude and direction in the shifts of behavior in the high-activity mice relative to controls were not always uniform. Important for consideration of the results of the present study is the fact that mice were tested in their ''sedentary'' state and in fact were never given access to running wheels. The reason for this was that previous exposure to wheel running may influence outcomes of behavioral tests (e.g., Malisch et al. 2009) ). Thus, here we deal with animals which normally show different amounts of locomotor behavior in running wheels, but have no possibility to express this behavior. From offspring of this generation used for other purposes, however, we know that the average daily wheel revolutions behavior in line 7 and line 8 mice was, respectively, 2 times and 2.1 times more than that of controls (unpublished results). Even without running wheels, Malisch et al. found that the selected mice have increased spontaneous locomotor behavior assessed with force plates under the cages with activity measured as changes in voltage output from isometric force transducers (Malisch et al. 2008 (Malisch et al. , 2009 ). Increased spontaneous activity in mice might manifest itself as increased locomotion in the open field, which we scored as ''exploratory behavior''. Indeed, line 8 mice showed more locomotion and visit frequency towards the middle ring (Fig. 3) than controls. In addition, line 8 showed more exploration in the center when the novel object was placed in the center of the open field. Line 7 mice, however, did not increase locomotion towards the middle ring, but in stead showed almost a doubling of rearing or upright behavior exploring the wall compared to control and line 8 mice. Thus, although expressed differently, both selection lines clearly showed increased ''information gathering'' behavior in the empty open field. When a novel object was placed in the open field, only line 8 mice showed increased ''approach' ' and ''risk-assessment'' behavior (Augustsson and Meyerson 2004) . The fundamental difference in the latter behavior in line 8 versus line 7 may be explained by a specific behavioral trait that has been distinctly co-selected in line 8. Alternatively, the response in line 8 mice may be secondary to the ''horizontal'' expression of exploratory behavior, which more likely is followed by ''approach'' behavior to the novel object than the ''vertical'' expression of exploratory behavior displayed by line 7. Either way, In the plus-maze test, activity selected mice and in particular of line 8 (with line 7 mice as the intermediate phenotype) spent less time in the open arms than the control mice, which is indicative of higher anxiety levels in selected than control mice. This seems incongruent with the findings in the ''surveyable'' open field tests, where line 7 and 8 mice displayed more exploratory behavior, and moreover with line 8 mice showing more risk-assessment towards the novel object placed in the center. In the complex maze test, all mice showed learning performance over time. Over the course of several trials, we did not observe that activity-selected mice learned faster or slower than controls. This is consistent with the findings by Rhodes et al., showing no differences in learning capabilities of selected mice in a Morris water maze compared to controls when they did not have access to running wheels. However, the selected mice from line 8, needed slightly more time to find the exit, but without making more mistakes than controls. Perhaps line 8 mice are more cautious and slower in their travel paths in ''non-surveyable'' environments, which may fit the higher anxiety levels of these animals in the plus-maze test. When the exit of the maze was displaced on day 3, selected mice (lines 7 and 8) spent longer time in the maze searching for the new exit, and they more frequently visited the original exit relative to controls. Assuming that there are no differences in visual or odor detection among lines (i.e., they all bypassed the tube directly connected to their home cage on their way to the old exit), this points to a more routine-like behavior in both selected lines of mice compared to controls, irrespective of sex.
Based on the present results, it may be concluded that selection for increased wheel-running behavior has caused changes in a number of behavioral traits. Perhaps the increased routine-like behavior of selected mice may help to sustain increased ''monotonous'' physical activity, such as wheel running behavior. But what about the other behaviors, such as cautiousness, anxiety, and exploratory behavior? From an evolutionary standpoint, it may be speculated that individuals that display a high level of physical activity have an advantage in habitats that require relatively large home ranges or territories (for example, for food and/or partner seeking), provided that they are cautious, exploratory, and stick to routines at the same time. In other words, individuals ranging over relatively large areas have an elevated risk of predation, which could be compensated by appropriate behaviors (Clobert et al. 2000) . Correlated responses to selection can also occur because of pleiotropic gene action, which may be especially common for behavioral traits. In this event, one needs to differentiate between selection that may act to favor particular combinations of traits (i.e., caution with wide ranging, but also potentially neuroendocrine control pathways that allow increased fuel oxidation to facilitate exercise (Vaanholt et al. 2008) ). Secondly, the response to selection may ''drag along'' any genetically correlated trait in the population at that time (see for example (Bult and Lynch 2000) ), whether that genetic correlation is caused by linkage or pleiotropy. In the latter case, these interactions could be adaptive or even maladaptive (Malisch et al. 2008 (Malisch et al. , 2009 ). It would be of interest to test the relevance of any of these interactions and potential trade-offs in mice living in natural habitats (Benus et al. 1991) . It may seem difficult to combine the aforementioned antagonistic behaviors from a neurobiological standpoint. In their transient hypofrontality hypothesis (Dietrich 2003) , Dietrich et al. suggested that there is a temporary inhibition of neural activity in the prefrontal lobe during monotonous, automated movements, such as running (Dietrich and Sparling 2004) . At the same time, when neuronal activity in the prefrontal lobes becomes reduced, the basal ganglia are being activated, which control routine behavior (Dietrich and Sparling 2004; Graybiel 2008) . It may be speculated that mice from the selected lines have a higher capacity of re-allocating neuronal activity from prefrontal cortical regions to the basal ganglia during exercise, which may help them to sustain this behavior. This may provide a neurobiological explanation for the observation that selected animals, after extensive maze-learning, visited the former ''habituated'' exit in the complex maze. In a novel environment, however, where the selected mice are faced with uncertainty (such as in the open field), this switch between neuronal activity from prefrontal cortex to basal ganglia probably does not occur. If anything, the selected mice show increased curiosity and exploration in a novel environment, which reduces uncertainty and vigilance (Dember and Earl 1957; Berlyne 1966) . It may be speculated that in the natural habitat, where natural resources sometimes become transiently smaller and/or predation pressure is increased, the behavioral characteristics of increased voluntary activity associated with-or perhaps causal to-curiosity and exploration may be adaptive and may increase the chances of survival. 
